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Abstract 

We postulate that the orientation of the soft supersymmetry-breaking terms in 
flavor space is not fixed by tree level physics at the Planck scale; it is a dynamical 
variable which depends on fields that have no tree level potential. These fields can be 
thought of as either moduli or as the Nambu-Goldstone bosons of the spontaneously 
broken flavor symmetry which is non-linearly realized by the soft terms. We show 
that the soft terms align with the quark and lepton Yukawa couplings, just as 
spins align with an external magnetic field. As a result, the soft terms conserve 
individual lepton numbers and do not cause large flavor or CP violations. The 
vacuum adjusts so as to allow large sparticle splittings to naturally coexist with 
flavor conservation. Consequently, the resulting phenomenology is different from 
that of minimal supersymmetric theories. We also propose theories in which the 
shape of the soft terms in flavor space is a dynamical variable which depends on 
flelds that have no tree level potential. This dynamically leads to partial degeneracy 
among sparticles and further supression of flavor violations. The ideas of this paper 
suggest a connection between the space of moduli and the spontaneously broken 
flavor group. 



^On leave of absence from the Pliysics Department, Stanford University, Stanford CA 94305, USA. 
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1. Universal versus Disoriented Soft Terms 



The soft supersymmetry(SUSY)-breaking terms [jT], H are important for at least two rea- 
sons. First, they are the key ingredient which made the construction of reahstic super- 
symmetric theories possible Second, they are experimentally measurable quantities 
since they determine the masses of sparticles. In early works, motivated by the need 
to avoid large flavor violations, it was postulated that soft terms satisfy universality |jl|]. 
Universality states that the squarks and sleptons of the three families are all degenerate 
in mass at some scale ~ Mqut- 

Universality has a geometric interpretation which is useful to appreciate. To do this, 
consider the limit in which all but the gauge couplings of the supersymmetric standard 
model are set to zero. The resulting theory possesses a U{3)^ global symmetry which 
is called flavor symmetry. The 3 stands for the number of families and the 5 for the 
number of SU{3) x SU (2) x f/(l) superfield members in a family, which will be labelled by 
A = Q,U, D, L, E. The flavor symmetry is simply a manifestation of the fact that gauge 
forces do not distinguish particles with identical gauge quantum numbers. Universality 
states that the five 3x3 sparticle squared mass matrices m\ are flavor singlets, i.e. 
proportional to the identity. They are spheres in flavor space and they realize the flavor 
symmetry in the Wigner mode. In this paper we wish to suggest an alternative mechanism 
to universality for avoiding large flavor violations. 

Let A be a high energy scale at which supersymmetry breaking occurs and the soft 
terms are determined. A can be of the order of the Planck mass MpL - as in supergravity 
- or smaller, equal to the mass of the messengers that communicate supersymmetry 
breaking to the ordinary particles. Our fundamental hypothesis is that physics at the 
scale A fixes the eigenvalues of the soft terms m\ but leaves their direction in flavor 
f/(3)^ space undetermined. In other words, the potential energy Va of the sector which 
determines the soft terms at the scale A is flavor U{3)^ invariant. Va does not depend on 
the U{3)^ angles which are flat directions of the potential and which will be called here 
"moduli". The moduli determine the direction in which the soft terms point in flavor 
space. They can be thought of as the Goldstone bosons of the flavor group which is 
spontaneously broken by the soft terms m\ themselves and are therefore "disoriented" in 
flavor space. Therefore, the simplest way to state our hypothesis is: the soft terms realize 
the flavor symmetry in the Goldstone mode. In contrast, universality states that the soft 
terms realize the flavor symmetry in the Wigner mode. 

Our next assumption is that at energies below A we have the minimal supersymmetric 
particle content^ (along with the decoupled gauge singlet Goldstones/moduli). We will 
show that the orientation of the soft terms is determined by physics at lower energies - 
in particular the flavor-breaking fermion masses - in a calculable way. 

A simple analogy is to think of the soft terms as a spin s in space and U{3)a 
as ordinary rotational invariance. The magnitude of s is determined by some unspecified 
"high energy" dynamics to be non-zero. This forces rotational invariance to break sponta- 

■^In section 6 we will also discuss the case of supersymmetric GUTs. 
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neously. s can point in any direction until we turn on an external magnetic field B which 
explicitly breaks the rotational invariance and forces s to align parallel to B. Notice that 
alignment (or anti-alignment) is preferred and the maximal subgroup possible, 5*0(2), is 
preserved. This completes the analogy between s and the soft terms on one hand and 
between B and the fermion masses on the other. Perfect alignment would mean that 
the maximal subgroup consisting of the product of all vectorial U{1) quantum numbers 
is preserved and consequently there is no flavor violation. In the quark sector since the 
Kobayashi-Maskawa matrix K ^ 1 this is not possible, but the dynamics will adjust as 
to reduce flavor violations. 



2. Alignment 

Consider the supersymmetric SU{3) x SU{2) x U{1) theory with minimal particle content, 
whose gauge interactions possess an U{3)^ global flavor symmetry. As in the standard 
model, the Yukawa couplings break the symmetry. In addition, flavor symmetry is violated 
here also by the soft SUSY-breaking terms which in general lead to phenomenologically 
unacceptable contributions to flavor- changing neutral current (FCNC) processes. Let us 
concentrate first on the soft SUSY-breaking masses m^. Our hypothesis is that the m\ 
are general Hermitian matrices whose eigenvalues are fixed at the high scale A where 
supersymmetry is broken, but whose orientation is a dynamical variable determined by 
physics below A[[ The soft SUSY-breaking masses m\ are thus promoted to fields: 

= f/lS^[/A A = Q,U,D,L,E. (2.1) 

Eyi are diagonal matrices with real, positive eigenvalues ordered according to increasing 
magnitude and Ua are 3x3 unitary matrices. 

Our fundamental hypothesis can now be restated: are fixed by physics at some 
very high scale A - say A ~ MpL, for concreteness - whereas f/4 are determined only by 
lower energy physics, namely the energetics of the supersymmetric SU{3) x SU{2) x U{1) 
theory. For any given A, let us write 

UA = exp(^tY,X^a'X^ , (2.2) 

where A"/2 are the generators of the flavor group broken by T,a, in short the six generators 
of S't/(3)/f/(l)^. Thus a'X can be thought of as the Goldstone bosons of the flavor U{3) 
group that has been spontaneously broken by the VEV. In reality, the a" are pseudo- 
Goldstone bosons, because quark and lepton masses explicitly break flavor invariance. 
According to our fundamental hypothesis the potential Va{(Ja) of the soft terms at the 
scale A is flat, so that the expectation value of cr^ is undetermined. However, the effective 
potential at a lower scales (such as the supersymmetry scale or the weak scale) receives 

''The possibility that the third generation Yukawa couplings depend on dynamical variables was con- 
sidered in ref . |^ ; similar suggestions have also been proposed in ref. j|] . 
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quantum corrections from the integration of fluctuations with characteristic momenta 
between A and m^. It is the dynamics of these fluctuations that fixes the value of cr^ 
in such a way that the soft SUSY-breaking mass terms are aligned with the Yukawa 
couplings. 

The natural setting in which to carry our discussion is provided by the approach to the 
renormalization group introduced by Wilson ||^. In his formalism the effects of quantum 
fluctuations with characteristic momenta larger than a given cutoff k"^ are included 
in a /c-dependent effective action F^. The scale k can be viewed as the coarse-graining 
scale, beyond which the details of the system are not probed. As a result fluctuations 
with characteristic wavelengths smaller than 211 /k are integrated out and their effects are 
incorporated in the couplings in Tk- An exact renormalization group equation describes 
how the effective action Tk changes as the scale k is lowered and the effects of fluctuations 
with larger wavelengths are taken into account. 

In our problem k can be identified initially with the high scale A where supersymmetry 
is broken. We are interested in the effect of fluctuations on the shape of the potential 
\4((7yi) as the scale k is lowered from k = K to k = m^. In appendix A we derive the 
equation which describes the evolution of Vfc(cr^). It is 



dVkjcTA) k' 



\ , MH^A,k) 



(2.3) 



where t = log(/c/A) and 7Vl^(cr^,A;) is the running mass matrix of the theory. This 
equation, when combined with the evolution equation for the running mass matrix 

'-^^ = 0^imh (2.4) 

describes how the potential evolves as the coarse-graining scale is lowered and fluctuations 
with smaller characteristic momenta are incorporated in it. The /3-function for the mass 
matrix can be obtained from the /3-functions f3^i of the running couplings of the theory 
dk)- The boundary conditions at the scale k = A are given by the assumed (flat) form 
of Va(cta) and the tree level form of the mass matrix A^^((T^, A) = A^^((T^). We have not 
taken into account the fluctuations of the Goldstone fields a'X, despite the fact that they 
are massless at tree level. The reason is that their contributions to the effective potential 
which introduce a non-trivial dependence are suppressed by powers of A relative to 
the ones we have included. This can be checked in perturbation theory if we use the fields 
(T^ = (T^A which have appropriate mass dimensions and consider general kinetic and 
potential terms, invariant under non-linear realizations of the SU{3)/U{1)'^ symmetry. 
The /3-functions P^i which are needed for the calculation of must be consistently 
calculated within the scheme that we have introduced. However, in an expansion in 
powers of the couplings they can be obtained from standard perturbative calculations |^ 
(at least to one loop, where no scheme dependence is expected). 

Let us first consider eq. ( p.3|) with constant Ai'^{aA,k) = A^^(cr^,A) = Jli^{aA), for 
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which it can be easily integrated. Keeping the leading terms in A for A; = we find 

Vo{aA) = V^iaA) + ^A^StrA^2(a^) + -I^StrA<^(a^) log {^^^^^^ ■ (2-5) 

This the standard one loop result for the effective potential. For most of the evolution 
from k = A to k = described by eq. ( |2.3| ), we have Ai'^/k'^ -C 1 and the logarithm can 
be expanded around one, so that 

= -T^Str^^(a^, k) + -^^StTM^aA, k) ... (2.6) 

For constant this approximation leads to 

V,{aA) = V^iaA) + ^(A' - k')StTM\aA) + ^^StrM^M log (^^^ . (2.7) 

Comparison with eq. (|2.5| ) indicates that the part of the evolution with /c^ ^ J\4^ simply 
takes into account threshold effects which lead to the decoupling of the massive modes. 
As a result the masses replace k"^ as an effective infrared cutoff in the logarithm. The 
quadratic contribution, on which our discussion is based, is unaffected by the approxi- 
mation. We replace, therefore, eq. ( p.3|) by eq. and neglect the second term in the 
r.h.s. 

We use the perturbative expressions of ref. [§ for the /5-functions jS^i. This is expected 
to be a good approximation for the small couplings relevant for our investigation. The 
general form of the perturbative /3-function is 

f^M = Y^f^M + (I^^S^-' ^2.8) 

where only the first two loop contributions are considered. Starting from the above 
expression we can iteratively derive an approximate solution of eq. ( ^.4[ ) for the small 
values of |At|/167r^ = | log(ms/A)|/167r^ ^ (32 — 37)/167r^ which are relevant for our 
problem. The leading terms are given by 

M\aA, k) = M\aA) +Ti^f3S log (I) + (TH^/^S log (f 



4 ' 



2(167r2)2 



4'^5/5j,V5e]iog'(f)... (2.9) 



The /^-functions are evaluated at /c = A in terms of the tree-level values of the couplings 
and masses. The last term in the second line of the above expression results from the 
quadratic term in the Taylor expansion of Ai^. For the quantity in the square brackets 
summation over i is assumed and P^i (which is in general a matrix) must be substituted 
at the point where the derivative with respect to ^* is taken in the expression for 



The integration of eq. (|2.6| ) is now straightforward. We find 



Vrr^AaA) = V^M + ^Strj^l^ - + [p^^d^^^/dC - 2^^^] }. (2.10) 
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As we have already pointed out the r.h.s. of eq. ( |2.1(J| ) must be evaluated in terms of 
the tree-level values of the parameters at the scale A. We also need to express the 
mass matrix of the theory in terms of Our treatment is simplified by the fact that 
the Higgs field has not yet developed an expectation value at A; = A. The comphcations 
arising from the non-zero Higgs field expectation value at low scales are neglected in our 
approximation. The induced error is small, as the most significant contributions in the 
integration of eq. (|2.6|) come from scales A; ~ A. 

We start by considering the slepton and Higgs mass matrices, which are given by 



M 



2 



m, 







:2.ii) 



m 



E,U,D . 



and 



H 



/ m 



B 



5t 



:2.i2) 



m 



The term StrA^^ in the r.h.s. of eq. ( |2.10D gives a a^-independent contribution. The one 
loop /5-functions for ttia and m'jj ^ which are relevant for the discussion of the orientation 
of the a'X fields can be obtained from ref. P]. We list only the parts which remain 
cr^-dependent after the trace is taken: 



Tr/3, 



(1) 

2 



Tt/3, 



(1) 



u 

(1) 

2 
D 



(3 



(1) 

2 



Tr 
Tr 



ni' 



2m|AeAj + 4Apm 



2 At + 2AeAtm^ 



in dep.) 
- indep.) 



Tr 



"^q(AIA„ + + (AiA„ + \\\d)ni% 



Tr 



indep.) 



Tr 
Tr 



2mlXu\i + 4A„m^At + 2A„At 



6Tr 



"^oAt A„ + XimlK 



2Atm^A„ + 2\\mlX, 



+ (a^ — indep.) 
+ (cr^ — indep.) 
— indep.) 



em^A^^Ad 



QXWoXd + 2m2 AjAe + 2Atm|A, 



indep.) 



(2.13) 
(2.14) 

(2.15) 
(2.16) 

(2.17) 

(2.18) 

(2.19) 



where \e,u,d are the Yukawa matrices. We choose a basis in which the the matrices Ae,n 
are diagonal and related to the observable fermion mass matrices at low energies through 
Ae = me/t>i, \u = mu/v2, where Vi^2 are the the Higgs field expectation values. Then A^ 
is given by A^ = rridKyvi, with K the CKM matrix and rrid diagonal. The trace of jSj^ 
can now be easily evaluated, with the result 



Str/3 



(1) 
X 



Tr 



^A^Aem 



I + 8AeAtm| + 14(At A„ + X^XdWo + 14A„At m?^ + UXdX^ 



(2.20) 
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Let as consider the first term in the r.h.s. of the above expression. Starting from the 



definitions of eqs. (p.l|) , (|2.2| ) we find for small (t£ 



Tr(AtAemi) = - J] {alf ^ |A,^f 1 (s,. - S,,) (m^, - + (2.21) 



^1 



with m? the charged lepton masses ordered according to increasing magnitude. Clearly 
the effective potential, as it is given by eqs. ( p.lOj ), (|2.2(]| ), (|2.21|) has a minimum at 



(t£ = 0. The same conclusion can be easily reached for A = ^. The result Ul = = 1 
has the important consequence that the e, /x, r lepton numbers are separately conserved. 
Since slepton and lepton mass matrices are parallel, they both preserve the same U{lY 
symmetry and individual lepton number violating processes like /i — > 67 do not occur 
in this theory. Complete alignment of the squark-quark sectors is not possible due to 
the presence of the Kobayashi-Maskawa matrix. The soft terms m^, m|, align with the 
quark mass matrices m^, respectively, while aligns with the linear combination 
m\ + Km^K"^ . In this way FCNC processes are adequately suppressed. 

The predicted masses of the pseudo-Goldstone bosons cr^ can be computed from the 
effective potential of eqs. ( |2.10| ), ( |2.20| ), ( |2.21| ). We find the approximate expression 



":.=^EIAf/^%^. (2.22) 



where iriAi are the masses of fermions in the superfield A, and we have assumed that the 
sparticle splittings are of the order and approximated the Kobayashi-Maskawa matrix 
by the unit matrix. The pseudo-Goldstone masses are proportional to the scale of the soft 
terms rrtg, and to the Yukawa couplings, which explicitly break the flavor symmetry. They 
range roughly between (10~^ — 1) GeV. The couplings of the pseudo-Goldstone bosons to 
the particles of the minimal supersymmetric standard model are extremely weak as they 
are suppressed by m^/A. 

The quadratic momentum dependence in eq. ( p.6| ) shows that the alignment is deter- 
mined by the behavior of the theory at energies just below the scale A. This feature is 
not appealing since it introduces a sensitivity to the details of the high-energy physics. 
In view of this it is not appropriate to think of the Goldstones/moduli as determined by 
low-energy physics. Unfortunately this ultraviolet sensitivity is bound to frustrate all at- 
tempts to convert parameters of the supersymmetric theory - through their dependence on 
moduli - to dynamical variables of the low-energy theory. It originates in the quadratic 
dependence of the energy on the cut-off, a feature present in theories of softly-broken 
low-energy supersymmetryQ. 



3. Alignment of the A-terms 

The triscalar A-terms break both supersymmetry and chirality; thus they resemble the 
soft masses m\ in one sense and the Yukawa couplings in another. Consequently there 

■^Similar observations were made in ref. tel. 
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are three possibilities: 

a) The first is that the A-terms are disoriented and independent of m\. They can be 
parametrized as 

Aa = VaAaVa, (3.1) 

with a = e,u, d. is the diagonal matrix of the eigenvalues of A^, and Va are unitary 
matrices, analogous to Ua, which include new Goldstone fields 5", 5^ whose values are 
postulated to be undetermined by the potential Va at the high scale A. Their expectation 



values at low scales are determined by the minimum of the potential of eq. ( 2.10|) , in 
which the additional fields (5", 5" now appear. The term proportional to Str/?^^ in the 
r.h.s. of eq. ( p. 101) is Aa-independent and does not determine 5°, 5". One has to evaluate 



the last two terms which do depend on Aa and can fix the values of 5", 5". Making 
use of the results of ref. for we conclude that all the terms which depend 

quadratically on Aa-, e.g. TrA^AA^, come with a positive sign in the potential and 
anti-align the A-terms with the Yukawa couplings. This still implies the existence of a 
U{lY symmetry - approximate for quarks, exact for leptons - which suppresses flavor 
violations. However, the terms linear in Aa, e.g. TrAA^, which are proportional to the 
gaugino masses, align the A-terms with the Yukawa couplings, irrespectively of their sign. 
Therefore, depending on whether the terms linear or quadratic in Aa dominate we expect 
alignment or anti- alignment. Either possibility guarantees flavor conservation as either 
one implies an approximate U{lY symmetry. The former situation occurs if the gaugino 
mass is much bigger than the A-terms; and the latter in the opposite case. 

b) A second possibility is that the orientation of the A-terms is given by the same matrices 
Ua that occur in m^, i.e. 

A, = uIA,Ue A^ = U}^AjJtj Aa = UlA,U5. (3.2) 

In this case the orientation of the Ua is fixed by the dominant one loop effects of the 
previous section and one has to hope that the frozen parameters commute with the 
corresponding mass matrices rria- 

c) Finally, a third possibility is that the Aa themselves are frozen parameters; this is 
identical to what happens in the minimal supersymmetric standard model and one has 
again to hope that the Aa commute with the corresponding Aq. 

For the rest of the paper we shall assume that the A-terms commute with the corre- 
sponding Yukawa matrices and do not cause significant flavor violations. 



4. Flavor Violating Processes 

The first consequence of the results of the previous sections is that, as a result of align- 
ment, all three lepton numbers are individually conserved. This is obviously not possible 
in the quark sector, since the up and down quarks themselves do not have parallel mass 
matrices^. The quark flavor violations are best discussed by going, via a superfield rota- 

^Alignment as a solution of the flavor problem in supersymmetic theories was also considered, in a 
different context, in ref. @. 
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tion, to the quark Yukawa eigenbasis where both up and down masses are diagonal and 
the squark Yukawas have the form: 



fml + SmQS + D^^ A„ + 



Mi 



tan /3 



tan /3 



fml + K''S^EQSK + Dd^ + tan /Jm^ ' 



V 



(4.1) 



All flavor violation is contained in S and K. The off-diagonal elements of 5* are much 
smaller than those of the Kobayashi-Maskawa matrix: 



J^cb 2 ~ 

mi 



2 X 10" 



S23 

Si3 - K„,h-^ ~ 2 X 10- 
^12 ^ 



mf 



5 X lo- 



rn: 



(4.2) 



and therefore they do not significantly affect FCNC processes, although they may con- 
tribute to CP- violating processes. Then, in the approximation S" = 1, all new flavor 
violations occur in the sector, as can be seen from the squark mass matrices in Eq. 

The most stringent constraint comes from the contribution of squark-gluino loops to 
the real part of the — mixing: 



54 M? 



\ rriK 

9 

[llx + A)x 



m?n. ml. 



Ml 



x-y 



(x-V. 



■ logx 



[X 



X 



y) 



(4.3) 

(4.4) 
(4.5) 



where fx = 165 MeV is the kaon decay constant, parametrizes the hadronic matrix 
element, and Mg is the gluino mass. Assuming M| = mg and keeping the leading 
contribution in the squark mass splitting, one finds 



, , sin^ 6r 9 
Re(X) = —^V^ 



6 



21 5 



where 9^ is the Cabibbo angle and 



m\ 



(4.6) 



(4.7) 



Qi 
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If we require that the gluino contribution in Eq. ( |4.tj| ) does not exceed the experimental 
value of l^mKlmx-, we obtain the constraint: 

The squark-gluino contribution to the imaginary part of — mixing is given by: 

(H). = ^ ^ 4 MX) (4.9) 
With the same approximation used before, we obtain 

Im(X) = ^|i^,,||if„b||ir,fe|sin5 P32P21 , (4.10) 

where 5 is the CP-violating phase in the Kobayashi-Maskawa matrix. This does not 
exceed the experimental value for |e| if 



There is no significant constraint coming from — B^ mixing and, in the limit = 1, 
there is no new gluino-mediated contribution to — Z)° mixing. 

The constraints from FCNC on our model are much milder than those on a general 
supersymmetric S'?7(3) x SU{2) x U{1) theory with minimal particle content and non- 
universal frozen soft-terms [|11|]. The reason is that in our theory, just as in the standard 
model, flavor violations are proportional to the Kobayashi-Maskawa angles; however, they 
are also suppressed by the large sparticle masses. Therefore, our contributions to rare 
processes can compete with the standard model contributions only if the latter have light 
quark suppressions, as in Ami^/mx where {Auik /TnK)sM ~ Gprnl. 

It is noteworthy that we do not obtain any constraints from either — > 67 or e. These 
provide by far the strongest constraints on general supersymmetric models. In our case, 
/X — 67 vanishes whereas e is small because it is proportional to the Jarlskog invariant J 
of the standard model and is further suppressed by sparticle masses. The only significant 



constraint we have is from Attik Eq. (4^). It can be accounted for in several ways. One 
is by invoking heavy gluinos, which cause the squark masses to approach one another in 
the infrared. Furthermore, in Sect. 5, we will show how the dynamics of the moduli can 
adjust to render the squarks of the two heavy generations degenerate. 

We end with a cosmological caveat. Because the moduli couple very weakly with 
strength ~ Mpl, they do not efficiently lose energy. As a result, they do not reach their 
minima in simple cosmologies [1^, unless they happen to accidentally start out near their 



vacuum. Recently, there have been a revival of suggestions [0] on how to solve the 



problem and to allow the moduli to cosmologically relax to their ground state. Such a 
mechanism is clearly necessary to ensure flavor alignment. Even more, it is necessary to 
ensure that the Universe is not overdosed by coherent oscillations of the moduli. 
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5. Plastic Soft Terms 



In previous sections we have conjectured that the potential Va at the scale A where 
SUSY is broken leaves the orientation of the soft terms undetermined, but fixes their 
eigenvalues. In this section we wish to relax the latter hypothesis. We envisage that the 
supersymmetry-breaking dynamics at A provide the low-energy theory with a constraint 
which fixes the overall scale but does not necessarily freeze all three eigenvalues. Some 
functions of the eigenvalues can correspond to flat directions which remain undetermined 
until we turn on the Yukawa couplings. Of course, our postulate that the supersymmetry- 
breaking mechanism respects the flavor symmetry requires that the constraints that fix 
rris have to be flavor singlets. 

Let us consider the case of vanishing left-right mixings in the squark and slepton mass 
matrices and focus on the fields S defined in eq. (pTip. (For this section we drop the 
subscript A.) Suppose that the dynamics at the scale A fixes the two lowest-dimension 
flavor- singlet operators: 

TrS = T , TrS^ = T2 , (5.1) 

where and T2 are numbers of order m^. 

These are two constraints on three eigenvalues, thus one combination of eigenvalues 
remains a flat direction whose VEV will be determined by low-energy physics in a cal- 
culable way. It is easy to identify the flat direction. The above constraints are not just 
SU{3) invariant, but are 5*0(8) invariant, and they force the spontaneous breakdown 
5*0(8) 5*0(7), giving rise to seven Goldstone bosons. Six of them are a consequence 
of the breaking 5*f/(3) — > U{lY and can be identified with the fields a. The seventh is 
the new flat direction 6 which allows the eigenvalues of S to slide along a valley which 
preserves the above constraints. 

The field S satisfying Eq. ( ^.11) can be expressed as 



x(cos 6Xs + sin 6X3) 

3 



U , (5.2) 



where As^g are the two diagonal Gell-Mann matrices, U denotes an 5*f/(3)/f/(l)^ rotation, 
and 

x = \ — , 0<x<^. 5.3 

Our assumption is that the six parameters contained in U and the angle 6 are dynamical 
variables, related to flat directions of the moduli fields. The soft term S is not only 
"disoriented" in flavor space, but is also "plastic", since the pattern of eigenvalues can be 
deformed. Plasticity is disorientation in 5*0(8) space. In contrast to 5*f/(3), 5*0(8) allows 
rotations in the A3 — Ag plane. 

The effective potential for E is given by eqs. (|2.1CI|) , ( p. 201) , and its minimum occurs 



for cos^ ~ 1. This implies that the vacuum has an approximate SU{2) x U{1) symmetry 
which insures the degeneracy of the soft masses of same charge sparticles belonging to the 
two lightest generations. Consequently, itiq^ and itiq^ are approximately equal, and this 
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provides for the desired suppression of the real part of Kq — Kq mixing. Plasticity can be 
extended to the A-terms and, as discussed in section 3, they can align or anti-align with 
the Yukawas, depending on whether the gaugino mass is much larger than the A-terms 
or vice versa. 

6. Minimal Unification 

Until now we have been working under the hypothesis that below the scale A, where the 
supersymmetry breakdown occurs, we have the minimal supersymmetric SU (3) x SU{2) x 
f/(l) particle content. We now consider the possibility that the theory below A is some 
minimal supersymmetric GUT. 

In minimal supersymmetric GUTs the gauge symmetry is increased to SU{5) or 
SO (10) and the number of chiral multiplets decreases. This means that the flavor group is 
no longer ?7(3)^, but it is smaller: U (3)5 x U{3)io in the case of SU{5), and just U{3)iq for 
5*0(10). If we also assume that the soft terms are as minimal as possible, namely singlets 
under the GUT group, then we have a very constrained system with a small flavor group 
and a small number of parameters in the soft terms. Are there enough moduli/Goldstones 
available to align sufficiently and avoid problems with flavor violations ? 

For simplicity, let us discuss the minimal 5*0(10) model in which the Yukawa coupling 
superpotential between the ordinary fermions in the 16 representation and the Higgs fields 
Hu,d is 

Wy = 16Xul6Hu + WKXdK'^WHd . (6.1) 

For simplicity, we will ignore the A trilinear terms and write the soft supersymmetry- 
breaking Lagrangian as: 

2 

Csoft = -^16tf/tS[/16 . (6.2) 

The crucial difference between this minimal-GUT case, with gauge-singlet E, and the 
previous SU (3) x SU (2) x U{1) analysis is apparent from Eq. (|6.2|) . Now there is just one 
U available, instead of 5, to do all the alignments necessary to reduce fiavor violations. 
It is clear that U will align S parallel to m^, since gives the largest contribution to 
the energy. This implies that all sparticle mass matrices will be parallel to rriu, whereas 
the down-quark and charged-lepton mass matrices will be misaligned from by angles 
of the order of the Kobayashi-Maskawa angles. 

Thus, unless sleptons are highly degenerate in mass, fiL^R — > cr^lj transitions are 
proportional to a mixing angle Kg^j, = Kus — sin 6c and occur at an unacceptable rate. In 
5f/(5) only the right-handed sleptons are misaligned from the lepton mass matrix, and 
the amphtude for yU/, — > Ci? + 7 is again proportional to the Cabibbo angle sin 6'c — \J d/ s. 
Of course, minimal 5*0(10) and 5*f/(5) theories have a problem: they predict md = rrie 
and this is the reason why they give /i — 67 proportional to \J d/ s. However even if we 
extend the theory a la Georgi-Jarlskog, the /z — 67 amplitude is still problematic, being 
proportional to Je//i. 
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The reason for this failure is that in minimal supersymmetric GUTs with minimal 
GUT- invariant soft terms, the few available soft terms just ahgn with m^, leaving some 
mismatch between down quarks and squarks and more importantly between leptons and 
sleptons. This causes difficulties with individual lepton violating processes, which were 
not originally present in supersymmetric GUTs with universality at Mqut- 

The problem could be cured in more complicated GUTs with a larger flavor struc- 
ture, necessary perhaps to explain the fermion mass pattern, which would allow for more 
freedom in the low-energy ahgnment of the soft-breaking masses. 

A strong degeneracy between the first two generations of sleptons and down squarks 
suppresses the most dangerous processes and could therefore represent an alternative so- 
lution. In the previous section we have shown that this occurs in the plastic soft-term 
scenario and the degeneracy of the sparticles of the first two generations is predicted. The 
dynamics of the plastic soft terms cures the disease in the dynamics of the disoriented soft 
terms: in GUTs the large up-type quark Yukawa couplings force the sleptons to misalign, 
but insure that the first two generations are almost degenerate in mass. The decay // — > 67 
can still occur via virtual f exchange, and its rate is just below the present experimental 
limit. Interesting effects in Icpton-number violating r-decays can be present. The plas- 
tic GUT scenario allows therefore the construction of phcnomenologically viable models 
which are predictive and represent possible alternatives to the minimal supersymmetric 
standard model with universal boundary conditions at Mqut- 

7. Conclusions 

We proposed "disorientation" as an alternative to universality for suppressing fiavor vi- 
olation in supersymmetric theories. Universal soft terms realize the fiavor symmetry in 
the Wigner mode. Disoriented soft terms realize it in the Nambu-Goldstone mode; this 
allows large sparticle splittings and has the appeal that the absence of fiavor violations is 
a consequence of a dynamical calculation. 

The Goldstone particles can be thought of as either the consequence of a spontaneously 
broken fiavor symmetry or perhaps could be identified with some of the fiat directions 
(moduli) that frequently occur in supersymmetric or superstring theories. In the latter 
case there would be an important connection between the space of the moduli and the 
fiavor group. 

Why did our mechanism work? Promoting some of the parameters of the low-energy 
theory to fields allowed us to exploit nature's preference for states of maximal possible 
symmetry. This is the reason why: the spin aligns with an external magnetic field, preserv- 
ing SO (2); sleptons align with leptons, preserving individual lepton number conservation 
f/(l)"^; squarks align -as much as possible- with the quarks, preserving an approximate 
^7(1)'^; the 7th goldstone boson of the plastic scenario chooses to relax at its special value 
where the symmetry is enhanced to SU{2) x U{1) and pairs of sparticles are degener- 
ate. Nature's frequent preference for states of higher symmetry fully accounts for our 
mechanism for the suppression of fiavor violation. More importantly, it leads us to new 
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supersymmetric phenomenology and the peaceful coexistence of split sparticles and flavor 
conservation. 

We have found that the dynamics of alignment occurs at large scales and is sensitive 
to details of Planckian physics. In light of this, is disorientation better than universality? 
Both are strong hypotheses which rely on the existence of an approximate symmetry in 
a sub-sector of the full theory. Which is better can only be decided in the context of 
a complete theory which addresses the full flavor problem and explains fermion masses. 
Only then can we see how the soft terms avoid being directly infested with large flavor 
violations from Planckian physics. 
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Appendix A: The evolution equation for Vk 



We are interested in the effect of ffuctuations on tlie sliape of tlie potential Vfc(cr^) as tlie 
scale k is lowered from k = Ato k = iris. For this reason we introduce an effective infrared 
cutoff term R},{q^) in the momentum integrations appearing in the loop contributions to 
the potential Vfc(crA). This term prevents the integration of modes with momenta ^ k"^. 
The effective potential at one loop is now given by 

Vu{aA) = ^A(aA) + \l T^Str log W + Rk{q^) + M^aA)] • (A.l) 

In the formulation by C. Wetterich [§] the cutoff term is chosen as 

P /^2N _ Zkq^fl{q^) 

M<1 ) - T37|(^- (A.2) 

The function ^ 

= exp[-2a i^^^ } (A.3) 

can be used for the implementation of a sharp or smooth cutoff through an appropriate 
choice of the two free parameters a, b. Zk is a fc-dependent matrix in field space whose 
precise definition is given in the following. An ultraviolet cutoff A is assumed for the 
momentum integration. Notice that for k = A the one loop contribution automatically 
vanishes. In the limit — > the cutoff term Rk{q^) is removed and the integration 
reproduces the standard one loop result for the effective potential without a cutoff. Taking 
the partial derivative of Vk with respect to t = log(A;/A) results in the evolution equation 



dVk{aA) 1 f dS_^^^dRk 



dt 2 J (27r)4 dt 



q' + R,(q')+M'{aA) ■ (A.4) 



The momentum integration is infrared and ultraviolet finite as the integrand deviates 
significantly from zero only for ~ fc^. The renormalization group improvement consists 
in substituting the running mass matrix Ai'^{aA, k) for the classical one, and multiplying 
by the wavefunction renormalization of the various fields Zk- This takes into account 
the fact that the change in the effective potential when fluctuations with momenta q^ ~ k'^ 
are incorporated in it involves the full propagator of the theory at the scale k. We can 
now identify the matrix Zk appearing in the definition of eq. ( |A.2|) with the wavefunction 
renormalization. Notice that the t-derivative of Rk includes a contribution proportional 
to the anomalous dimension of the fields r] = —d{\ogZk)/dt. It can be checked that the 
explicit Zfc-dependence can be incorporated in the definition of the renormalized mass 
matrix Ai'^(aA,k) = Z^^ AA"^ {a a^ k) . The integral in the r.h.s. of eq. ( [A.4| ) cannot 



be easily computed for general values of the parameters a, 6 appearing in eq. (|A.3|) . 
However, in the limit of a sharp cutoff b oo the momentum integration can be carried 
out explicitly. Moreover, the contribution proportional to r] can be neglected, as it is 
suppressed by 1/6. As a result, the effect of the wavefunction renormalization is completely 
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absorbed in the running of the renormahzed mass matrix Ai{aA, k). The final expression 
for the running of the potential is 



-btr log 



dt 16n 



2 



' , M'{^A,k) 

fc2 



(A.5) 



A few remarks are due in order to clarify some steps in our derivation: 
1) Even though we were led to eq. ( |A.5D through an intuitive way a more formal derivation 
is possible 0. The fc-dependent effective action Tk for scalar fields can be obtained from 
the partition function through the usual Legendre transformation, if the infrared cutoff 
term of eq. ( |A.2| ) is added to the classical action so that low momentum modes do not 



propagate. An exact renormalization group equation describes the evolution of with 
k 1^ . This equation leads to eq. ( |A.5D for the potential. For fermions the discussion pro- 
ceeds along parallel lines. A modified fermion propagator is used, so that the momentum 
integrations are cut off in the infrared [0. For the discussion of supersymmetric theories 
the choice of cutoffs terms for scalars and fermions must preserve the supersymmetry at 
all scales. This is accomplished in the limit 6 — >■ oo that we have considered 0. 
2) The matrix Zk appearing in eq. ( |A.2|) includes the wavefunction renormalization for 
scalar and fermion fields. We have implicitely assumed that the fermionic part of the ma- 
trix involves the square of the term which renormalizes the fermion field. This is apparent 
from the way the renormahzed masses Ai are defined. 
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